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(57) Abstract 

An adjustable phase-shifting apparatus for use in shifting the phase of a microwave signal transmitted along a TEM 
transmission line, such as coaxial line whose inner and outer conductors have square cross-sections. The apparatus in- 
cludes a body (60) with an elongated cavity therein which forma part of the outer conductor, and a cover (62) attached to 
the body which forms at least part of the outer conductor. The cover has at least one pair of elongated openings (I04al, 
104a2) that provide access to a portion of tho cavity. The apparatus also Includes a movable member (100a) provided with 
at least ono pair of elongated, tapered, diclcctric-loadcd projections (102al, 102a2) that slidably pass through the elongated 
openings and are positionable about either side of the center conductor (64) to provide an adjustable phase lag. A digital 
or analog actuator, such as a solenoid (1 14a) or motor driven cam, is provided to slide the projections in and out of the 
cavity in a direction normal to the signal's direction through the cavity to enable adjustment of the phase lag. or shift Mul- 
tiple pairs of openings in the cover and corresponding pairs of dielectric projections may be used along a common ex- 
tended, cavity in the body to provide a series of selectable phase shifts in a single apparatus. A pair of such phase shifters 
may be interconnected by a see-saw linkage so that the phase shifts produced by the shifters arc equal but opposite. Several 
such interconnected pairs of phase shifters may be used to provide the phase shifts required in a phased array antenna. 
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DIELECTRIC LOADED ADJUSTABLE 
PHASE SHIFTING APPARATUS 

BACKGROUND OF THE INVENTION 
Field of .hr Inv^nti^n 

This invention relates in general to microwave phase- 
shirting apparatus and in particular to phase shifters with either digital or 
analog control mechanisms Tor use with microwave signals being transmitted 
5 over transverse electromagnetic lines. 

Description of &£lfllfid fay 

A phase shifter may be generally defined as a two-port . 
microwave device which is used to control the phase of a signal passing . 
therethrough. Many types of phase shifters are known including diode phase 

10 shifters, of the constant time delay type and the constant phase shift typc f and 
f erritc phase shifters, which are generally made by placing f crrite materials in 
a section of wave guide. , Fcrritc phase shifters can be either of a reciprocal or 
rion-rcciprocal type, depending upon the applied DC magnetic bias and the 
configuration. In such devices the phase-shifting is accomplished by 

15 changing the magnetic permeability of the fcrritc material by altering the 
external applied DC magnetic field. A solenoid made by winding several 
hundred or thousand turns of wire about a rectangular waveguide section 
often is used to supply a longitudinal magnetic field in such devices. One 
such fcrritc phase-shifting device is described in F. Reggia & E. Spencer, "A 

20 New Technique in Fcrrite Phase Shifting For Beam Scanning of Microwave 
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Antennas"; Proceedings Of The TFF, November, 1957, pp. 1510-1517. The 
characteristics of such ferrite phase shifters are now well-known in the art. 
and they are often used in many phassj array antenna systems for beam 
scanning. 

The ferrite phase shifters in comparison with a diode phase 
shifter has two primary advantages, namely higher power handling capability, 
and lower insertion loss because of the waveguide configuration. However' 
such ferrimagnctic microwave phase shifters also have . the following 
disadvantages: (1) a high DC power consumption; (2) a relatively high 
temperature sensitivity; (3) relatively heavy-weight per unit power handling 
capability; end (4) relatively high insertion loss, especially if the input signal 
is increased beyond a certain power level. 



10 



15 



20 



25 



30 



Another type of phase shifter sometimes used. in micro wave 
circuits, at least in laboratory set-ups, is a piece of dielectric film placed in a 
portion of a hollow waveguide. . These phase shifters operate on the principle 
that the propagation velocity of microwave energy passing.through a medium 
is decreased, in comparison to its velocity through air, by the ratio 1/e 1/2 , 
where e is the dielectric constant of the medium relative, to the air. The' 
extra transit time required by a microwave signal of a given frequency to pass 
through a predetermined length of the medium, in comparison to time required 
to pass through an equivalent length of hollow, air-filled waveguide, provides 
a negative phase shift whose value is proportional to the given frequency. 

Recently, a new coaxial phase shifter for transverse 
electromagnetic line was developed at Hughes Aircraft Company, the assignee 
of the present invention. This phase shifter, constructed in line with the 
inner conductor of the transmission line by using an interdigitated finger 
design, is very compact and does not require nltcration of the transmission 
line's outer conductor to implement.' This phase shifter is fully described in 
U.S. Patent Number 4,616,195 granted October 7, 1986 to R. Ward et al. The 
disclosed phase shifter is preferably used for a 'squarax" transverse 
electromagnetic (TIM) transmission line, that is, a coaxial transmission line 
whose inner and outer conductors arc square in cross-section. .The phase 
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shirtcr has (he advantage of being a very compact and non-complex structure 
with a low voltage standing wave ratio (VSWR). The patent discloses that the 
amount of phase-shifting of the signal being transmitted selectively varied by 
altering the spacing between the in-line fingers extending toward one another 
from the left and right segments of the inner conductor it ahe discloses that 
Phase shifts larger than those provided by one phase shifter of the kind just 
described may be achieved by cascading two or more separate phase shifters in 
scries with each other. However, this patent does not disclose any technique 
for providing, with this phase shirter.a mechanically or electrically adjustable 
Phase shift to a microwave signal being transmitted therethrough. 
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In many microwave applications, such as phased array 
antenna systems used In ground or space-based locations, it is necessary to 
provide a phase shifter which is adjustable. The ferrite phase shifters 
previously described moy be outomotically adjusted, but they still suffer 
IS from the aforementioned- disadvantages. 

Another type of adjustable phase shifter often used to 
adjust .the electrical .separation of microwave components without introducing 
additionol impedance mismatch are line stretchers. These devices include one 
or more hollow telescoping pairs of metallic tube whose overall length can be 
physically changed by sliding the inner tube further into or out of the outer 
tube. However, they generally are physically quite large in size and, as Tar as 
we are aware, are simply manually adjusted to the desired length and then 
locked down or tightened up to prevent further movement 
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It would be most advantageous to have a compact, relatively 
lightweight, adjustable phasc-shifting apparatus that can be automatical^ 
operated for various microwave- circuit applications, such, as phased arrav 
antenna systems, and particularly Tor space applications where low weight, 
low power consumption and simplicity are highly valued. 

The object or the present invention is to overcome the 
foregoing disadvantages of ferrite phase shifters, and to provide an adjustable 
phase-shifting apparatus which is relatively Ugh. weight, inexpensive and 
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simple to operate. Other objects of the present inventioa include: providing a 
Phasc-shif ting apparatus' suitable for use with squorax transmission line ' 
providing a phased ting apparatus which may be automatically controlled 
digitally or in an analog fashion; providing a phase-shifting- apparatus which 
may selectively provide multiple phasi shifts of dif fcreat values in response to 
external commands; and providing an interconnected pair of phase shifters 
operated by a mechanical .linkage which produce equal but opposite phase 
slufts ,„ a pair of microwave signals, for applications such as a phased array 
antenna. ' 
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SUMMARY OF THE TNVpM-n^ =. 

In light of the foregoing objects, there is provided in 
accordance with one aspect, of the present invention, an adjustable phase- 
shifting apparatus for use in shifting the phase of a microwave signal being 
transmuted along a transverse electromagnetic transmission line of the type 
including an inner conductor, a coaxial outer conductor, and a first dielectric 
located between the conductors. This apparatus comprises:. a. body having an 
elongated cavity therein which forms at least part of the outer conductor- 
cover means attached to the body, for forming at least pan of the outer 
conductor, and having at least a first elongated' opening therein which 
prov.des access to at least a first portion of the cavity; and first member means 
for altenng the phase of the signal as it passes through the first portion of the 
cav.ty. The first member means is provided with at least a first section 
•ncluding a second dielectric that is movable with respect to the first portion 
of the cavity in.a direction transverse to thedircction of the signal as itpasses 
through the first portion of the cavity to alter the phase of the signal. This 
apparatus may most advantageously be used with a transmission line whose 
first dielectric is primarily either a gas such as air or vacuum, and whose inner 
and outer conductors have substantially square cross sections. However the 
first and second dielectrics may alternatively be any conventional or suitable 
solid insulative material or a combination or composition of such materials 
The first section of the member means preferably is elongated and has a pair 
of thm elongated projections or slabs substantially parallel to and spaced apart 
from one another which arc inscrtable on opposite sides of at least n fi rs , 
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i j segment of the center conductor, which segment is located within the first 

portion of the cavity. The cover means preferably includes at least a first 
pair of spaced elongated openings parallel to one another and sized to 
accommodate snugly the projections, and the member means includes a support 

5 plate having a substantially planar surface from which the projections 
• perpendicularly extend, which is located on the side of the cover means 
opposite the cavity. Each projection preferably has a central region and a 
pair of opposed end regions, with each of the end regions being tapered 
outwardly from the. central region to thereby reduce the abruptness, of the 

10 transition for the signal as the signal passes between the dielectric in the 
projections. 

According to a second aspeci of the present invention, there 
is provided a phase-shifting apparatus for selectively imparting, in response to 
at least first nnd second input commands, a plurality of non-zero phase shifts 

15 to a microwave signal being transmitted along a TEM transmission line of the 
type including substantially square Inner and outer conductors and a gas or 
• vacuum, dielectric located therebetween. The apparatus comprises: . a body 
hnving.an elongated cavity therein which forms part of the outer conductor; 
and cover means, attached to the body, for forming part of the outer 

20 conductor, having at least first and second spaced pairs of elongated openings 
which respectively provide access to first and second spaced portions of a 
cavity, with each elongated opening spaced closely to and extending generally 
parallel to the other opening of its pair. The apparatus is also comprised of 
first phase change means for selectively altering, in response to the first 

25 command* the phase of the signal as the signal passes through the first portion 
of the cavity.. This first phase change means includes a movable structure 
having at least a first section provided with a support region and at least two 
thin elongated projections or slabs includes dielectric material which extend 
transversely from the support region and into respective openings of the first 
. 30 pair of openings in the cover means. These projections arc movable between 
two distinct, positions with respect to the first portion of the cavity in a 
direction transverse to the direction, of the signal passing through the first 
portion of the cavity to alter the phase of the signal. The apparatus also 
includes second phase change means for selectively altering, in response to the 
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second command, the phase of the signal as the signal passes through the 
second portion of the cavity. The second phase change means includes a 
movable structure having at iea* a first section provided with a support 
region and two thin. elongated projections including dielectric material Which 
extend transversely from the support region and into the respective openings 
of the second pair of openings in the cover means, the projections of the second 
Phase means being movable between two distinct positions with respect to the 
second portion of the cavity in a direction transverse to the direction of the 
signal as it passes through the second portion of the cavity to alter the phase of 
the signal. The first and second phase change means may include electrically 
operated actuator means for moving their respective movable structures 
between their respective two distinct positions. 
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According. to a third aspect of the present invention, there is 
provided a phase-shifting apparatus which is controllable in an analog 
manner, rather than in or in addition to the digital manner as described above 
»n the second aspect of the invention. The apparatus of the third aspect 
comprises a structure having an elongated cavity therein which forms at least 
part of the outer conductor through which at least a first segment of the inner 
conductor passes and having at least a first elongated opening therein which 
prov ld ed access to at least a first portion of the cavity. The apparatus also 
comprises first means for altering the phase of the microwave signal as it 
passes through the first portion of the cavity. The first means is provided 
w.th at least a first section including dielectric material that' is movable with 
respect to the firs, portion of the cavity through multiple positions forming a 
substantially continuous range of positions' to alter the phase or the signal 
with such movement being in a direction transverse to the direction of the 
s,gnal as it passes through the first portion. The apparatus also comprises 
control means for selectively placing the first section of the first member 
means in any predetermined one of the positions within the substantially 
continuous range or positions in response to an external command specifying 
such predetermined position. 
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According to a fourth aspect of the present invention, an 
improved phase-shifting mechanism for use in simultaneously shifting the 
phase of at least first and second microwave signals being transmitted along 
first and second distinct transverse electromagnetic transmission lines of the 
5 type including an inner conductor, a coaxial outer conductor and a first 
dielectric located between the conductors. This improved phase-shifting 
mechanism is preferably used in a phased array antenna system of the type 
having an array of radiating elements spaced from one another in a 
predetermined manner, and a signal distribution network having a first port 
10 and a plurality of second ports. The improved phase-shifting mechanism is 
used to provide the incremental time delays or phase shifts required for 
antenna beam scanning in the phased array antenna system. The 
improvement in the phase-shifting apparntuscomprises in combination: (a) a 
first phase-shifting apparatus including (1) a first structure through which at 
15 least the first portion of the first transmission line p2lsscs 3 provided with at 
least a first opening providing access to at least part of the volume of the first 
portion of the first transmission line, and (2) first means for altering the phase 
% of the first signal as it passes through the first portion of the first transmission 
line, the first means being provided with at least a first section including 
20 dielectric material that is movable with respect to the first portion of the first 
line in a first direction transverse to the direction of the first signal as it 
passes therethrough. The improvement also comprises (b) a second'phase- 
shifting apparatus including (1) a first structure through which at least a first 
portion of the second transmission line passes, provided with at least a first 
25 opening providing access to at least part of the volume of the first portion of 
the second transmission line, and (2) first means for altering the phase of the 
second signal as it passes through the first portion of the second transmission 
line, the first means being provided with at least a first section including 
dielectric material that is movable with respect to the first portion of the 
30 second line in a second direction transverse to the direction of the second 
signal as it passes therethrough. Finally, the improved * apparatus also 
comprises (cj mechanical mcons for connecting the first and second member 
means together for simultaneous movement so that changes in phase shifts in 
the first and second signals passing through the first and second portions arc 
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Figure 2, is a side sectional view of the Finure l „ h!1 ,i 
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^Z7^L T n \ S0,e " 0id — ed — »■ -PPort bar and 
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20 2 ,n„n . . • Fl8UrC 3 iS a fra8raentar y frontsectional view of the Figure 
2 apparatus taken along line 3-3 of Figure I; . 

Fi8 " rC 4 is ° fra 8 me nW'y top sectional view of the Fiaure 3 
• apparatus along li ne 4 -4 of Figure 2; 

25 solenoid actuator, ™ ^ * ^ - - 

shown in a f„„ y 0 w red or 7 * ^ * " 

iuny lowered or inserted position; 
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• Figure 6 is an enlarged side sectional view of the Figure 5 

apparatus taken along line 6-6 of Figure 5; 

Figures 7 and 8 are top and front views respectively of the 
body, inner conductor and part of the outer conductor of the Figure 1 phase 
S shifter; 

Figures 9 and 10 are top and side views respectively of the" 
cover of the Figure 1 phase shifter; 

Figure 11 is a plan view which shows the location and size 
of the five pairs of phase change projections relative to the body and center 
10 line of the inner conductor of Figure 7 which arc indicated in phantom In 
Figure 11; 

Figures 12 and 13 are top and side elevational views 
respectively of a single projection of a pair of projections designed to produce 
a -22.5 degree phase shift in the center of the C band range of microwave 
15 frequencies: 

Figure 14 is a truth table to help explain how the Figure 1 
phase shifter may be operated as a three-bit phase shifter to provide eight 
possible phase shift values; 

Figure 15 is a simplified schematic diagram of a six 
20 radiating dement phased array antenno system which includes three 
adjustable dual phase shifters of the present invention which are operable in 
an analog manner and disposed between a corporate feed network and the six 
clement array; 

Figures 16 and 17 are top and front views of the body for a 
25 typical phase-shifting apparatus employed in a dual phase shifter of Figure 15, 
with the cavity of the S-shoped outer conductor of the. apparatus shown in 
dotted lines; 



/ 
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Figures 18 and 19 are top and front views of a typical inner 
conductor to be installed in the cavity of the Figure 16 body and cover with 
the dielectric spacers therefor shown in Figure 18 only; 

Figures 20 and 21 are ton and front view, respectively of a 
' typical cover Tor the Figure 16 body; 

Figures 22 and 23 are top and front views respectively of 
three paxrs of pha S e change projections insertabie through corresponding pairs 
of slots in the Figure 20 cover; 

• 10 shovn • m . j ipeMisap,Uviw » f «*o( the dual phase shifters 
. 10 shown in block diagram form in Figure 15; 

Figure 25 is a side elevational view of the Figure 24 phase 
sntfter shown in partial cross-section taken along line 25-25 of Figure 24; 

Figure 26 Is an enlarged side elevational view of one of the 
two .dentical mechanical cam, employed in the Figure 24 phase shifter; and 

Fi8Urc 27 is a tebte 10 h "«P "Plain the operation of the 
Figure 6 * Pha " ^ ** r °' e ° f mCChaniCa ' Cam UluStratcd in 

BBC&mP BESCSIEIIQM of THF Pirira»pn EMBQBIMEMIg " 

20 , . .Erring now to Figures 1 and 2 a digitally controlled 

30 phase softer 40 of the present invention is shown which envoys fivcserinlly 
arranged phase-shifting apparatuses 42a-42e of the present invention, each of 
winch .oc.udcs one of the so.enoid-operated actuators 44a-44e. The actuators 
4a-44e are operated in accordance with electrical command signal, received 
from an electronic controller 46 of conventional design and construction over 
onductors 48a-48c. Conductor 50 provides a conductive path between the 
base structure 52 of the phase shifter 40 upon which the actuator, 44 are 
mounted to ground 54. The base 52 includes, best shown in Figure 2, a body 
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60, a slotted cover plate 62, an S-shaped inner conductor 64 located within a 
correspondingly shaped cavity 66 in the body 60, and a plurality of dielectric 
spacers 68a-68h which support the inner conductor 64 in the center of the 
cavity 66. More will be said about each of these components of the phase 
5 shifter 40 later. . 

Figures I and 2 also show square inner and outer trnnsversc 
electromagnetic (TEM) transmission lines 72 and 74 respectively connected at 
suitable connectors or ports 76 and 78 to the TEM line in the base 52 or the 
phase shifter 40. The TEM lines 72 and 74 have square cross-sections and 
respectively include inner conductors 82 and 84, coaxial outer conductors 86 
and 88, and an air or vacuum dielectric located between the inner and outer 
conductors. The outer conductor 90 of TEM line 92 in the phase shifter 40 is 
formed by the metallized surfaces of the'cav.ity in body 60 and the 
corresponding portion of the cover 62 thercabove. while inner conductor of 
TEM line 92 is conductor 64. The TEM line 92 also has square cross-sections, 
and is serially connected to TEM lines 72 and 74, so that a suitable microwave 
signal maybe transmitted through the phase shifter 40 in cither direction, that 
is from line 72 to line 74 or vise versa. The inner conductors 64, 82 and 84 are 
cross-hatched in Figure 1 for ease of identification. 
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The body 60 and cover 62 of the base 72 are preferably made 
of metal, so that the S-shapcd cavity 66 formed in the body 60, in conjunction 
with the corresponding section of the metal cover 62 directly thereabovc form 
a square outer conductor. The S-shaped inner conductor 64 is preferably 
made of a highly conductive metal and is suitably electrically connected to 
25 and represents a direct electrical interconnection between continuation of the 
inner conductors 82 and 84 of TEM lines 72 and 74. The. five phase-shifting 
apparatuses 42a-42e are serially arranged directly above the outer conductor 
90 within the phase shifter 40 and may be individually operated to impart a 
specific phase shift to a microwave signal passing therethrough in a manner 
30 which will be shortly described. 
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As best shown in Figure 2, a typical phase shifting 
apparatus 42a includes a solenoid-operated actuator 44a, including a metal 
support bar 100a to which is attached a pair 102a of thin elongated dielectric- 
loaded phase change projections 102a-l and 102a-2 that are sized tdrpass-. 

5 through a- pair 104n of opening* I04a^l and iG4a-2 in the cover 62. The 
support bar 100a and projections 102a may be raised and lowered- by the 
solenoid actuator 44a, which includes a solenoid assembly consisting of a. 
.frame 1 12a, a solenoid coil 114a and a solenoid shaft 1 16a coaxially positioned 
in the bore II 8 a of solenoid coil 1 14a and biased upwardly by. helically wound 

10 return spring !20a coiled about the shaft 116a in the bore 118a, as shown. 
The solenoid shaft 116a is rigidly connected to the support bar 100a. 
Energization of the coil 114a *y a suitable signal applied via conductor 48a 
causes the solenoid shaft 116a to be lowered against the.bias of spring 120, so 
that the projections 102a are lowered into the cavity 66, as is best shown in 

15 Figures 5 and 6 to be discussed shortly. 

Figure 3 shows a front sectional view, of the phase shifting 
apparatus 44a taken along line 3-3 of Figure 1. As shown in Figures 2 and 3, ' 
the projections 102a are poised in a fully raised and retracted position above a 
selected portion 122a of the cavity 66 in the body 60. The thickness of the 
individual projections 102 are selected so that they fit snugly into the spaces 
I22a-I and 122a-2 on opposite sides of the square center conductor 64 when the 
coil 114a is energized. 
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Figure 4 is a fragmentary top sectional view of the phase 
shifting apparatus 42a taken along line 4-4 of Figure 2 which shows the 
25 • tapered longitudinal cross-section of the projections 122a-l and l22a-2 relative 
to the center conductor 64 and elongated slots 104a in the cover 62. The 
elongated slots 104a have a transverse dimension approximately the same size 
as the side portions 122a-.l and 122a-2 of the selected caviiy portion 122a, and' 
slightly larger than the corresponding thickness of the dielectric projections 
I02a-1 and 102a-2, as shown. Similarly, the length of the slots 104a is just 
slightly longer than the length of the projections 1 02a. This ensures that the 
projections 102 are slidablc into and fit snugly within the openings 104a and 
the side spaces 122a-l and 122a-2 of the cavity portion 122a. 
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Figures 5 and 6 show front sectional views and cross- 
sectional views respectively of portions of phase-shifting apparatus 42a when 
the solenoid actuator 44a is energized, which places the projections 102a in 
their fully lowered position. When the projections 102a arc in this position, 
5 ihe propagation velocity or the microwave signal being transmitted through, 
portion 122a of the line 92 is reduced by the ratio l/c l/2 , where e is the 
effective dielectric constant of the cavity portion 122a when the projections 
1 02a are fully lowered into the cavity. In a preferred embodiment of the 
present invention, the projections 102 and the dielectric spacers 68 are all 
10 made of a dielectric material having excellent mechanical strength and high 
temperature stability and a relatively high dielectric constant value. A 
preferred material for the projections is ULTEM J 000 thermoplastic resin 
material available from the Plastics Division of the General Electric Company, 
which has a dielectric constant equal to 3. JO. As is explained above, the 
15 reduced propagation velocity through the dielectric material in comparison to 
the propagation velocity through a gas such as air or a vacuum causes the 
signal to be time delayed In proportion to the length of the dielectric material 
through which the signal passes, which results in a predictable phase shift for 
a signal of known frequency/' A usable predictable phase shift is obtained by 
20 lowering the projections 102a into the cavity portion 122a even though the 
spaces 130 and 132 of cavity portion 122a above and below the center 
conductor 64 do not contain any of the dielectric material of the projections- 
Figures 4 and 6 show that the projections 102a have a 
central region 134 of uniform thickness and rectangular cross-section and a 
25 • pair of opposed end regions 136 and 138, with each of the end regions being 
tapered outwardly from the central region 134 in stair-step fashion. This 
construction reduces the abruptness of the transition for a microwave signal as 
the signal passes from the gas. or vacuum dielectric and the projections 122. 
The end regions 136 and 138 each include a plurality of contiguous steps or 
30 segments such as segments 140 and 142 shown in Figure 4 having distinctly" 
different, substantially uniform thicknesses, with each successive segment 
further from the central region 134 being less thick than the segments closer to 
the central region. 
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In Figures 4 and 6 suitable fastening means such as nylon set 
screws 146 may. be used to connect the metal support bar 100a to the 
projections 102. These may be placed in pre-tapped holes made for this 
purpose. Alternatively, the support plate !00a and the projections 102a eouid 
be fabricated as one piece from a dielectric, material using well-known plastic 
injection molding techniques. Each of the projections 102 may also include a 
rectangular aperture like aperture 148 whose purpose is . explained later. 

Figures 7 and 8 are top and front detail views of the body 60 
of phase shirtcr 44, with the' inner conductor 64 and dielectric spacers 68 Tor 
centering and supporting the inner conductor shown therein within cavity 66. 
The right-hond portion of Figure 7 is broken away to. further illustrate the 
construction of the body. The cavity 66 has a rectangular. S-shope including 
five straight portions 122a-122e and four 90 degree turn portions 152a-l52d. 
The three longer straight portions I22a, 122c and 122e are each separated by a 
pair of turn portions which provide 180 degrees of direction change such that 
the path, of the transmission line within the base 52 reverses direction twice. 
Also, the two shorter straight portions 122b and 122d enable the longer straight 
portions 122a, 122c and - 122e to be spaced apart, enabling the three phase 
shifting apparatuses 44a. 42c and 42e to be placed roughly horizontally in line 
across the phase shifter 40 as shown in Figure 1. In phase shifter 40, the 
shorter straight portions 122b and 122d of the cavity are also used to provide 
smaller phase shifts via phase-shifting apparatuses 42b and 42d as will be 
further explained. Those in the art will appreciate that it is the S-shuped 
transmission line design which permits phase shifter 40 to have its compact, 
three-dimcasional size as shown in Figures 1 and 2 which is desirable or 
necessary in some microwave circuit applications. Those skilled in the art 
should readily appreciate, however, that an in-line design could be also used 
where an elongated structure having a TEM line passing therethrough has a 
plurality of phase shifting apparatuses 42 placed in line about the cavity. 
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Thc dielectric spacers 68 arc arranged in four pairs, as best 
shown in Figure 7. The center-to-center distance between the individual 
spacers in any given pair is one-quarter wave length of the center frequency of 
the frequency band for which the phase shifter 40 is designed. For example, 
5 the dimension 158 between spacer 68a and 68b is one-quarter wave length. A 
fewer or greater number of pain of dielectric spacers could be used, as 
required or desired, to support the center conductor against movement relative 
to the cavity, fn Figure 8, the cover 62 is shown in phantom for convenient 
reference. 

10 Figures 9 and 10 arc top and front detail views respectively 

of the cover 62 showing the five pairs of elongated slots I04a-104© placed in 
the cover in locations corresponding to the cavity 66 which is positioned 
therebelow when the cover 62 is fastened to the body 66. The cover 62 may be 
fastened to the body in any suitable or conventional manner such as by 
15 machine screws placed in 11 locations 162 shown in dotted lines in Figure 9. 
The body 60 and cover 62 are preferably made out of any conventional or 
suitable metal, for example copper or aluminum alloys, meeting the structural, 
weight and environmental requirements of the application to which the phase 
shifter 40 will be placed. In certain applications which place a premium upon 
light-weight components, such as aviation or space applications, it is 
preferable to make the body 60 and cover 62 out of lightweight rigid, high 
temperature plastic or other synthetic materials, and simply coat the cavity 
68 and the portions of the cover 62 thcrcabove with a suitable layer of 
conductive material such as copper by RF sputtering or any other suitable 
deposition technique in order to provide the outer conductor 90 of 
transmission line 92 used in base 52. Such construction details arc well- 
known to those skilled in the art and need not be discussed further here. 

Although, as shown in Figure 10, it is preferred to provide a 
pair of elongated openings, such as openings I04a-l and 104a-2, for each phase 
30 shifting apparatus, such as apparatus 42a, those skilled in the art will 
appreciate that it is possible to provide a single opening 104a by removing the 
center portion 168 between the dotted lines 164 and 166 and the pair of 
openings 104a-l and l04a-2. A single opening is not preferred since it allows 



20 



25 



10 



WO 89/07837 PCT/US88/03407 

-16- 

additional energy to escape from the cavity during operation of the phase 
shifter 44. 

Figure II is a plan view showing the outline of the body 60, 
the center line 174 of the inner conductor 64 and the support bars lOOa-lOOc in . 
5 phantom in order to illustrate the location and sizenf the five pairs 102a-I02c 
of phase change projections relative thereto. In a preferred embodiment of 
the phase shifter 44, the size and length of the pairs 102 of projections are 
selected relative to the center of the frequency band of .interest so that phase 
change projection pairs 102a, 102c and 102e each provide a -90 degree phase 
lag at the center band frequency and the phase change projection pairs 102b 
and I02d each provide a -22.5 degree phase shift. 

Figures. 12 and 13 are top and side elevational views 
, respectively of a typical single projection such as projection 102d-l of 
projection pair 102d. Tapped, holes 180 are provided for fastening the 
projection 102d-l to its support bar or plate lOOd. As in the projection- pair 
102a shown in Figure 4, the projection 102d-l contains a central region 184 and 
opposed tapered end regions 184 and 186, The end regions are mirror images 
of one another and each includes a plurality of contiguous segments having 
distinctly different substantially uniform thickness such as segments 190 and 
192, with each segment further from the central region 184 being less thick 
than the segments closer to the central region. The reduction in thickness 
between adjacent segments is uniform so that in this stair-step design the 
dimension of the risers 194, 195 and 196 of the steps are equal The 
longitudinal dimension 198 is twice the length of longitudinal dimension 199. 
The length 200 t of the central region 184 is sized to be one-quarter wavelength 
of the nominal frequency of the microwave signal being transmitted through 
the TEM line 92 of the phase shifter 44. The length 201 of the rectangular 
aperture 202 is sized in order to produce the desired phase shift given the 
amount of other material present in the projection I02d-L The connecting 
parts 203 and 204 of the central region 184 simply serve to keep, the projection 
102a-I as a single piece of dielectric material for case of handling and 
mechanical strength. If desired, projection 102n-t may be formed as two 
spaced half-projections 205 and 206, by simply omitting connecting parts 203 
and 204 while leaving the remainder of the projection I02a-1 in the positions 
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shown in Figures 12 and 1 3. In the preferred embodiment of the phase shifter 
described above, projections I02b-1, IQ2b-2 and 102d-2 are made in a fashion 
identical to projection 102d-i while the remaining projections, namely the 
projections of projection pairs 102a, 102c and 102e, are made in a similar 
5 manner, with the only differences being their somewhat longer overall length 
and the different length of their centrally located rectangular apertures. 

The operation of the preferred embodiment of the phase - 
shifter 40 illustrated in Figures 1 and 14 will now be explained. In this 
preferred embodiment, not all of the solenoids 114a-J14e of the phase shifting 
apparatuses 42a-42c are operated independently. Instead as shown in Figure 
1 by the wiring within the electronic controller 46, the solenoids for 
apparatuses 44a and 44c are actuated by a common electrical signal provided 
by conductor 213, the solenoids of apparatuses'42b and 42d are operated by a 
common signal from conductor 2il, and the solenoid of apparatus 42c is 
operated a signal from conductor 212.. As previously explained with respect 
to Figure 11, the projections of phase shifting apparatuses 42a, 42c and 42d in 
the preferred embodiment each provide a 90 degree phase lag, while the 
projections of phase shifting apparatuses 42b and 42d each provide a 22.5 
degree phase lag when their respective solenoids are energized, and a zero 
degree phase lag when their respective solenoids are de-energized. 
Conductors 211 through 213 are respectively connected to amplifier outputs 
labeled. Bit 1, Bit 2 and Bit 3, where Bit 1 is the least significant bit (LSB) and 
Bit 3 is the most significant bit (MSB). 

The truth table 214 illustrated in Figure 14 shows the total 
25 phase shift produced as the output of phase shifter 40 as a function of all eight 
possible combinations of states for the three bits of the input bits state. A 
zero entry in any one of the three input columns 215 indicates a off position 
due to the absence of an energizing signal on the bit output indicated, while a 
T indicates the presence of a signal to energize the solenoids connected to the 
30 bit output. . When all three output states ore in a logical zero condition, all 
five pairs of projections 104 are fully withdrawn from the cavity, and a zero 
degree phase shift results as indicated in row zero of the truth table 214. 
When, as indicated in row I, the Bit 1 output is activated, the phase shifting 
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apparatuses 42b and 42d are simultaneously actuated, which causes their 
respective pairs of rejections to be fully inserted into thecavity portions 122b 
and 122d, resulting in two separate - 22.5 degree phase shifts, for a total phase 
shift of -45 degrees. As indicated in row 2, when only the Bit 2 output is . 

5 energized, a -90 degree phase Shift results from the insertion of the projections 
of phase shifting apparatus 42c into the -cavity portion 122c therebetow. As 
shown in row 4 of the table 214, when only the bit 3 output is energized, a -180 
degree phase shift is produced as a result of the full insertion of the 
projections of phase shifting apparatuses 42a and 42e.into the cavity portions 

10 122a and 122c. The remaining rows of the tnbic 214 indicate that whenever . 
two or more of the bit outputs are simultaneously energized, the resulting total 
phase shift is the sum of the individual phase shifts resulting from the 
energization of the individual bit outputs invoLved. . 

Figures 15 through 27 illustrate a second phase shifter of the 
15 present invention which is constructed from a second phase-shifting apparatus 
of the present invention which is somewhat different from the phase-shifting 
apparatuses 42a-42e and which utilizes analog control, so that any selected 
phase shift within a substantially continuous predetermined range of phase 
shifts con be produced thereby as desired. Figure 15 is a schematic diagram 
illustrating an important application for the second phase shifters of the 
present invention. Figures 16-24 illustrate the details of construction of the 
base structure and pairs of projections used in the two phase-shifting 
apparatuses within this second phase shifter, while Figures24-27 illustrate the 
mechanical construction and analog operation of the two phase-shifting 
25 apparatuses and the second phase shifter. 
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. i Figure 15 shows in schematic diagram form a six radiating 

clement phased array antenna system 230 which includes a set 232 of three 
adjustable analog dual-phase shifters 232a, 232b, and 232c disposed between a 
signal distribution network 234 and the array 236 of six radiating elements 
5 236a-236f, The set 232 of phase-shifting mechanisms 232a-232c is operated 
uijdcr the control of an electronic controller 237 which sends appropriate 
signals over conductors 238a-238c to three electrically-operated actuators 
239a~239c which are preferably conventional stepper motors as will be further 
described. 

W The construction of each of the phase shifters 232a-232c is . 

identical, and therefore only the construction of phase shifter 232a will be 
described. Phase shifter 232a includes a pair of phase-shifting apparatuses 
240a and 240b which arc operated together by a common see-saw linkage 
mechanism 241, which in turn is actuated by the stepper motor 239a. • 

15 Before describing the construction of the phase shifter 232a, 

it is useful to briefly review the remainder of Figure 15. The signal 
^ distribution network 234 is preferably a conventional corporate feed network 

such as the one shown within the dotted lines of block 234, which includes five 
90 degree phase tog hybrid couplers 242a-242e, five signal termination devices, 

20 244a, 244c and three - 90 degree fixed phase shifters 246a-246e connected 
between a common first port 247 and five second ports 248a-248c as shown by ' 
conventional or suitable transmission lines 249a-249k. The corporate feed 
network 234 is preferably constructed of pnssive microwave components so 
that it is substantially lossless and reciprocal, as are the phase shifters 232a- 

25 ■ 232c and radiating elements 236a-236f, so that the antenna system 230 can be 
used to transmit or receive microwave signals in a manner well-known to those 
in the antenna system art. The operation of corporate feed network 234 may 
be briefly explained by way of the following example. Assume a signal to be 
transmitted is applied to first input 247. This signal is distributed by hybrid 

30 coupler 242a with the unchanged output appearing on line 249a and a 90 
degree phase lag output appearing ypon line 249b. Phase shifter 246a adds a 
90 degree phase lag to the signal on line 249c. Hybrid couplers 242b and 242c 
add another 90 phase lag to the signals from lines 249c and 249b respectively, 
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so the signals at second ports 248c and 248d arc shifted -180 degrees from the 
input signal. The hybrid couplers 242d and 242e impart a 90 degree phase lag 
to the signals from lines 249d and 249e so that the signals delivered to second 
ports 248b and 248e also each have a combined phase shift, of -180 degrees. 
5 Finally, the fixed phase shifters 246b and 246c each impart a -SO degree phase 
shift so that the signals delivered to second ports 248a and 248f also each have 
a total phase shift of -180 degrees. Thus, the signals output on second ports 
242a-248f are all in phase with one another and of equal strength. 
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The signals emanating from second ports 248a and '248f are 
applied via transmission lines 252a and 252f to the dual first ports of phase 
shifter 232a, where they are shifted in phase by equal but opposite amounts by 
phase-shifting apparatuses 240a and 240b and thereafter directed by 
transmission lines 254c and 254d to radiating elements 236c and 236d 
respectively. Similarly, the signals emanating from second pons 248b and 
IS 248e are provided with equal but opposite phase shifts by phase shifter 232b 
before being delivered via lines 254b and 254e to radiating elements 236b and 
236e respectively. Finally, the signals from second ports 248c and 248d are 
provided with equal but opposite phase shifts by phase shifter 232c before 
being delivered to radiating elements 236b and 236f. It is well known that ia 
a phased array antenna system, the resultant beam produced by the radiation 
emanating from the array 236 of ports will have a predetermined direction 
based upon the incremental phase shift or time delays existing between the 
signals applied in parallel to radiating elements 236a-236f. This may be 
better understood by reference to the top or Figure 15, which shows a series of 
wavefronts 260 emanating from the array 236. The ccnter*to-center spacing 
between the radiating elements of linearly arranged array 236 may be defined 
as the distance "d". The resulting antenna beam has aa angular tilt of 
where 6 is defined as the beam scan angle, that is, the angle of the plnnc of 
the wnvefronts 260 from the normal 262 of the transmit beam center.. The 
incremental phase shift produced by the set 232 of phase shifters is A* 
The relationship between the incremental phase shift and the beam scannngle 
given by the well-known formula: 
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where X 1$ the signal wavelength of the wavcf ront 260 and d is defined as 
indicated above. Hence, the steered direction of the antenna beam is 
determined by the incremental phase shift which is controlled by the phase 
shifters 232. The phase difference between signals delivered to adjacent 

5 radiating elements 236 is preferably identical. This is achieved, in out 
example, by having the phase-shifting apparatus 232a shift the signal applied 
to elements 236c and 236d by +45 and -45 degrees respectively, the phase 
shifter 232b shift the signals applied to elements 236b and 236e by +90 degrees 
and -90 degrees respectively, and the phase shifter 232c shift the signals 

10 applied to elements 236a and 236f by +135 degrees and -135 degrees 
respectively. Those in the art will appreciate that other similar combinations 
of phase shifts are possible. 

Figures 16*21 show components used in the base structure 
268 of phase shifting apparatuses 240a and 240b illustrated in Figures 24 and 

15 25. The components include a rectangular metal body 270 and a rectangular 
slotted metal cover 272. An S-shaped inner conductor 274 to be inserted in - 
the correspondingly shaped cavity 276 of the body 270 and spaced from the 
sidewalls of the cavity by dielectric spacers in the snme manner as disclosed in 
the first embodiment in Figures 1*13. The spacers 278 on inner conductor 274 

20 arc arranged in pairs, as in the first embodiment of the phase-shifting 
apparatus of the present invention, and the individual members of the pair of 
dielectric spacers are one-quarter wavelength apart as in the first embodiment. 
The holes 280 and 282 shown in the body and cover respectively arc to allow 
appropriate fasteners, such as pins or screws, to connect the body and cover 

25 • together. The holes 284 shown in Figure 17 in the body 270 arc to enable 
suitable transmission line connections to be made to the base structure 268 
comprised of body 270 and cover 272 in the manner shown in Figures 1 and 2 
of the first embodiment. 

Figures 22 and 23 show the top and side views respectively 
30 of the pairs 292a, 292b, and 292c of the thin, elongated, outwardly tapered 
dielectric projections which arc rcciprocably inscrtable into the cavity 276 of 
the body 270 through the correspondingly sized pairs 294a, 294b and 294c of 
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elongated slots in the cover 272, which arc positioned above the three long 
portions 296a, 296b, and 296c respectively or the cavity 276. The projections 
292a-l through 292c-2 each include a sufficient number of fasteners 298 to 
allow them to be rigidly fastened to the support plate 296. As shown in 
5 Figures 22 nnd 23, the three pairs of projections 292 are moved in »«izos by 
moving the metal support plate 296. 

Eoch of the projections 292 has a central region 297 of 
rectangular cross-section and uniform thickness and opposed.end regions 298 
and 299 which are wedge-shaped so that they are gently taper outwardly from 

10 the inner conductor 274 in operation. The purpose of the tapering is to 
provide for reduced reflections and smoother transition or a microwave signal 
passing through the outer conductor farmed by the cavity 276 and confronting 
surface or the cover 272 as the microwave signal passes between the air or 
vacuum dielectric to the solid material dielectric within the projections 292. 

15 As berore, the projections are prererably made from ULTEMSeries 1000 resin 
available (torn the General Electric Company. The wedge shape or regions 
298 and 299 require greater length than does the corresponding stair-step 
design or the projections 102 in the first embodiment or the present invention. 
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The projection pairs 292a, 292b nnd 292c are each designed 
to provide a phase shirt or -120 degrees when fully inserted into the cavity 276 
of body 270. Because the cavity sections 296a, 296b and 296c are serially 
arranged, the three pain of projections 292a-292c working in unison can 
provide substantially any degree of phase shift in a range from 0 degrees to 
minus 360 degrees, with the precise phase shift provided depending upon how 
far into the cavity 276 the projections 292 are inserted. 

Figures 24 and 25 show a partially cut-away plan view nnd a 
partially cut-away side view of a typical analog dual-phase shifter 232 
illustrated in block form in Figure 15. The linkage structure 241 of shirtcr 
232a includes an elongated first-class lever 300 or rectangular cross-section 
pivotably supported by pin 302 attached between mounting posts 304a and 
304b. The lever 300 includes transverse elongated slots 306a and 306b equally 
spaced Trom the. pivot pin 302. A cam pin 310 rotatably journaled in 
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, transverse throughhole 312 and transversely constrained by press-fit annular 

spacers 314a and 314b is provided to continuously engage the perimeters of 
cams 320a and 320b which are rigidly connected to cam shaft 322 which is 
cou'pled to and driven by output shaft 324 of stepper motor 239a. The cam 
5 shaft 322 passes through and is rotatably supported by mounting posts 328a 
, and 328b which are attached =to support base 298. A tension spring 330 
connected between spring clips 332a and 332b respectively connected to the 
end extension 334 of lever 300 and the base 298 thcrc&elow ensures that the 
cam pin 310 will continually bear against the cams 320a and 320b. • 

10 The phase-shifting apparatuses 240a and 240b shown 

respectively on the left-hand side and the right-hand side of Figures 24 and 25 
are identical in construction. Therefore, only the apparatus 240a will be 
discussed in detail. The apparatus 240a includes a stationary guide structure 
including two upright posts 3,40a and 340b having an elongated neck sections 

15 342a and 342b to which arc rigidly connected two horizontally positioned 
spaced guide rods 344a and 344b for the purpose of preventing horizontal 
• movement of the movable support structure 348a of the apparatus 240a. The 
movable support structure 348 includes two elongated, upright guide rails 350a 
and 350b, each of which have a- pair of elongated slots 352 therein, such as slots 

20 352a-! and 352a-2 f shown on the left-hand side of Figure 25. The guide rods 
344a and 344b are disposed in these slots as shown and prevent horizontal 
movement and allow vertical reciprocating movement of the support structure 
348a produced by movement of lever 300 which occurs when cams 320 rotate 
under power provided by stepper motor 239a. The transverse, horizontally 

25 positioned link pin 360a passes through elongated slot 306a In the first-class 
lever 300, and the ends thereof are captive in complementary bores in guide 
rails 350a and 350b so that movement of the first-class lever about its pivot pin. 
302 raises or lowers the pin 360a in the same direction as the first section 300a 
that. the first-class lever is moving, while link pin 360b is moved in an equal 

30 and opposite direction. Rigidly connected to and supported by the guide rails 
350a and 350b is the support plate 290 to which the pairs 292 of projections arc 
attached. As best shown in the left-hand side of Figure 25, the individual 
projections of the projection pairs arc slidably positioned on either side of the 
inner conductor and may be raised out of the cavity or lowered, further into 



WO 89/07837 PCT/US88/03407 

r 24- 

the cavity by movement of the first-class lever 300 in response to the driving 
force provided by the stepper motor 239a. 

The operation or phase shifter 232a will now be explained, 
further by referring to the !ar S c view cf earn 320a ia Figure 26 and the table 
S 370 in Figure 27. When the first class lever 300 is in a horizontal position, as 
illustrated in Figure 25, the projections 292 are inserted precisely halfway into 
the cavity 276. Accordingly, a phase shift of -180 degrees is produced by both 
Phase-shifting apparatuses 240a and 240b. In Table 27, this condition of -180 
degrees In each phase shift is normalized to 0 degrees. In a prototype of the 
present invention, designed for shifting the phase of microwave signals in a 
selected portion of the C band, that is, from 3.7 GHz to 42 GHz, the inner 
conductor has a cross-section of 0.2 inches square and an outer conductor 0.3 
inches square to achieve an impedance of 30 ohms. Assuming that the phase- 
shifting apparatus 240a shown . in Figures 24 and 25 has those dimensions, then 
the total length of stroke or reciprocating movement to move the projections 
292 between a fully lowered or inserted position to a fully raised or withdrawn 
position Is 0.5 inches. Since the cam pin 310 is located halfway between the 
pivot pin 302 and the link pin 360a, the identical cams 320a.sdd 320b must 
move the pin 310 half of that distance or 0.25 inches to achieve this 1 result 
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The stepper motor 239a may be or any conventional or 
suitable type and may have an integral position-sensing mechanism such as a 
•shaft encoder or resolver to ensure proper positioning in accordance received 
commands. A stepper motor which requires 360 pulses per revolution, or one 
pulse per degree of rotation of shaft 324, may be used. Those in the art will 
thus appreciate based upon Figures 26 and 27, that for each pulse of the 
stepper motor in the counterclockwise direction between the angles of 0 
mechanical degrees of cam 320a and 324 mechanical degrees, the diameter of 
the cam linearly increases. This is illustrated by the linenr increase in the 
diameter of the cam S320 as mechanical angle or the cams are changed from 
step or position S36 to step or position S324. Note that the "A" and "B" 
normalized signal phases associated respectively with apparatuses 240a and 
240b change at twice the rate of the changes in the mechanical angle between 
positions S36 and S324. In the segment of the cam 320a which extends from 
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t position S324 to position SO, the cam is returned to its normal position. 

Moreover, as can be seen from the table 370, the radius of cam 320a is constant 
from 0 mechanical degrees to 36 mechanical degrees. 

Those skilled in the art will readily appreciate that the 
5 . mechanical cams 320 may be made within any kind or curve within the limits 
or motion of the projections 292 in the vertical direction. The stepper motor 
239a may be operated to provide a continuously varying phase shirt or may be 
given so many pulses to bring the projections 292 of apparatuses 240a and 240b 
to desired predetermined positions to produce a predetermined pair of phase 

10 shifts. Those in the art should also appreciate that the length or the body 270, 
the cavity therein and cover may be increased, and the length of the 
projections 292 correspondingly increased, so that larger or smaller phase 
shirts may be produced by the' phase-shifting apparatuses or the present 
invention. Referring again to Figure 15, phase shifts having differing ranges 

15 could be utilized with phase shifters 232a, 232b and 232c. For example, the 
maximum normalized phase shift produced by phase shifter 232a could be 
+180 degrees to -180 degrees. As shown in Figures 24-27, the phase shifter 
232b could be given a different cam to provide phase shifts between -360 
degrees to +360 degrees, and the phase shifter 232c could be lengthened and 

20 provided with the same cam as phase shifter 232b to provide phase shifts from 
-480 degrees to +480 degrees. 

The foregoing embodiments of the present invention have 
been described with respect to a phase-shifting apparatus and digitally- 
controlled or analog-controlled phase-shifting apparatuses to operate in the 

25 , ra nge of microwave frequencies at or near the C band. Those in the art will 
appreciate that the phase-shifting apparatuses and digital and analog phase 
shifters of the present invention may be readily adapted for use in higher or 
lower microwave bands anywhere in the range from approximately 1.0 GHz up 
to 20 GHz. Although the present invention could be used with frequencies 

30 below 1 GHz or above 20 GHz, the relative dimensions of the parts become 
rather large or small, thus limiting the utility of the device due to size or 
manufacturing cost considerations. 
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It is to be understood that the above-described embodiments 
of the present invention are illustrative only, and that changes maybe made in 
form and detail without departing from the spirit and scope of the invention. 
Asa first example, although the base structures of the phase shifters have been , 

5 shown tn he nf rum .i _^ ... . 

- — - t — *w"*«uwuuu, »«j u«iu at icasc in certain 

circumstances be fabricated as a unitary block of material such as metal. For 
instance, if the phase shifter were an in-line design where the cavity forming 
the outer conductor makes no turns, the body and cover, means therefor could 
be fabricated as a metal tube of rectangular cross-section and access to the 
cavity could be provided by boring or othcrwsie cutting elongated holes 
through one side of the tube to provide the necessary openings .so that 
dielectric-loaded projections could be Inserted into the cavity. As a second 
example, instead of using air or vacuum as the dielectric between the inner 
and conductors of the transmission line passing through the conductor, any 
other dielectric substance could >be inserted therein, except in the spaces where 
the dielectric-loaded projections need to be inserted. Those skilled in the art 
will appreciate that in such an alternative construction, movement of its 
projections into or out of their respective cavity portions will produce a 
change in the value of the net dielectric constant of the cavity portions, thus 
causing the phase of the signal passing therethrough to shift, just as in the 
embodiments of the present invention illustrated in the Figures herein. As a 
third example, the operation of the solenoid actuators 44a and 44e could be 
reversed by reversing the direction that the springs therein that bias the shaft, 
^ so that the energization of the solenoid coils would be required to retract the 
25 projections 102 from the cavity 66. In such a construction, energizing any 
given solenoid coil would produce a positive, rather than negative, phase shift. 
Other modifications to- the phase shifting apparatuses of the present invention 
beyond those already mentioned herein are also clearly possible. 
Accordingly, it is to be understood that the protection sought and to be 
afforded hereby should be deemed to extend to the subject matter defined by 
the appended claims, including all- fairs equivalents thereof. 
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CLAIMS 

What is claimed is: 

1. An adjustable phase-shifting apparatus Tor use in shifting 
the phase of a microwave signal being transmitted along a transverse 
electromagnetic transmission line of the type including an inner conductor, a 
coaxial outer conductor, and a first dielectric located between the conductors, • 
5 the apparatus comprising: 

• a body having an elongated cavity therein which forms at 
least part of the outer conductor; 

cover means, attached to the body, for forming at least part 
of the outer conductor, and having at least a first elongated opening therein 
10 which provides access to* at least a first portion of the cavity; and 

first member means for altering the phase of the signal as it 
passes through the first portion of the cavity, the first member means being 
provided with at least a first section including a second dielectric that is 
movable with respect to the first portion of the cavity in a direction transverse 
15 to the direction of the signal as it passes through the first portion to alter the 
phase of. the signal. 

2. The apparatus of claim J, wherein the first dielectric of the 
transmission line is primarily cither a gas or vacuum, and the inner and outer 
conductors of the transmission line have substantially square cross-sections, 
and the first section of the member means is elongated and has a pair of thin 
5 elongated projections substantially parallel to and spaced apart from another 
• which are intertable on opposite sides of at least a first segment of the center 
conductor located within the first portion' of the cavity. 
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3. The apparatus of. claim 2, wherein: 

the cover means includes at least a first pair of spaced 
elongated openings parallel to one another and sized to accommodate snugly 
the projections, and 

5 the member means includes a support plait having a 

substantially planar surface from which the projections perpendicularly 
extend, located on the side of the cover means opposite the cavity. 

4. The apparatus of claim 2, wherein each projection has a 
central region and pair of opposed end regions, with each of the end regions 
being tapered outwardly from the central region, thereby reducing the 
abruptness of the transition for the signal as the signal passes between the gas . 

5 or vacuum dielectric and the projections. 

* 

5. The apparatus of claim 4, wherein each of the end regions 
arc wedge-shaped. 

6. The apparatus of claim 4, wherein each of the end regions 
includes a. plurality of contiguous segments having distinctly different 
substantially uniform thickness, with each segment further from the central 
region being less thick than segments closer to the central region. 

7. The apparatus of claim 4, wherein the central region of each 
projection includes an aperture sized to help provide an impedance match 
between the first section and the transmission line. 

8. The apparatus of claim 2, wherein: 

the body and cover means are made primarily from 
dielectric material and are mctalized in the vicinity of the cavity to form the 
outer conductor, and 

* 5 the center conductor is formed from dielectric material 

which has a mctalized surface. 
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* > - 9. The apparatus of claim 2, wherein the projections are 

movable between a first position wherein the projections extend substantially 
ail the way between two opposed surfaces of the square outer conductor in the 

• vicinity of the first portion of the cavity, and a second position where the 
5 projections are substantially fully withdrawn from a first volume of space 

substaniialiy enclosed by the outer conductor in the vicinity of the first 
portion of the cavity. 

10. The apparatus of claim 1, wherein the cavity of the body 
means has at least a second elongated portion spaced from the first elongated 
portion of the cavity, and the cover means has at least a second elongated 
opening therein which provides access to the second portion of the cavity, and 
5 the apparatus further comprises: 

second member means for altering the phase of the signal as 
it passes through the second portion of the cavity, the second member means 
being provided with at least a first section including dielectric material that is 
movable with respect to the second portion of the cavity in. a direction 
• 10 transverse to the direction of the signal as it passes through the second portion 
of the cavity to alter the phase of the signal. 

N. The apparatus of claim 10, further comprising: 

first actuating means for moving at least a first section of 
the first member means between two distinct positions which alter the phase of 
the signal by differing amounts, and 
5 second actuating means for moving at least the first section 

of the second member means between two distinct positions which alter the 

• phase of the signal by differing amounts, 

whereby the apparatus is operable to provide at least three 
distinct states of phase shift to the signal. 
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12. The apparatus of. claim 11, wherein: 

the first and second portions of the cavity are straight, and ' 
the cavity includes at least fist and second turn portions which separate the 
first and second straight portions of the cavity and provide, a combine* total . 
of direction change Q r the cavity of at least about iSO degrees such that the 
path of the transmission line within the apparatus changes direction at least 
once and the first and second member means are spaced apart in a direction 
transverse to the first and second straight portions of the cavity. 

13. The apparatus of claim 12, wherein: 

the cavity of the body further includes, at least, a third 
straight portion and a third and fourth turn portions which separate the. 
second and third straight portions of the cavity and provide a combined total 
of direction change of the cavity of at least about 180 degrees, and 

the first through fourth turn sections and. first through 
third straight portions of the cavity are arranged such that the path of the 
transmission line through the apparatus has an S-shape. 

14. The apparatus of claim 12, wherein: 

the first and second member means are respectively rigidly 
mounted to and carried by the first and second actuating means, and 

" the first and second actuating means each include solenoid 
operator means for selecting which of the two distinct positions the first 
section of- its respective member means is in, 

whereby by the apparatus can be operated to select at least 
four states of the phase shift having different amounts of phase shift 

15. The apparatus of claim 14, wherein one of the states of phase 
shirt is zero degrees of phase shift achieved by each of the actuating means 
fully retracting the first section of its respective member means from a- volume 
of space substantially enclosed by the square outer conductor in the vicinity of 
its respective portion of the cavity. 
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^ 16. A phase shifting apparatus for selectively imparting, in 

response to at least first and second input commands, a plurality of non-zero 
phase shifts to a microwave signal being transmitted along a transverse 
electromagnetic transmission line of the type including an inner conductor, a 
5 coaxial outer conductor, and a gas or vacuum dielectric located between the 
conductors, the inner and outer conductors both having substantially square 
cross-sections, the apparatus comprising: 

a body having an elongated cavity therein which forms part 
of the outer conductor; 
1° cover means, attached to the body, for forming part of the 

outer conductor, having at least first and second spaced pairs of elongated 
openings which respectively provide access to first and second spaced portions 
of the cavity, with, each elongated opening spaced closely to and extending 
generally parallel to the other opening of its pair; 
15 first phase change means for selectively altering, in response 

to the first command, the phase of the signal as the signal passes through the 
first portion of the cavity, the first phase change means including a movable 
structure having at least a first section provided with a support region and 'at 
least two thin elongated projections including. dielectric material which extend 
20 transversely from the support region and into respective openings of the first 
pair of openings in the cover means, the projections being movable between 
two distinct positions with respect to the first portion of the cavity in a 
direction transverse to the direction of the signal as it passes through the first 
portion of the cavity to alter the phase of the signal; and 
25 second phase change means for selectively altering, in 

response to the second command, the phase of the signal as the signal passes 
through the second portion of the cavity, the second phase change means 
including a movable structure having at least a first section provided with a 
support region and two thin elongated projections including dielectric 
30 material which extend transversely from the support region and into 
respective openings of the second pair of openings in the cover means, the 
projections of the second phase change means being movable between two 
distinct positions with respect to the second portion of the cavity in a direction 
transverse to the direction of the signal as it passes through the second portion 
of the cavity to alter the phase of the signal. 
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17. The apparatus of claim 16, wherein: 

the first phase change means includes elccrrically-operated 
actuator means for moving the movable structure to thereby move the . 
projections thereof between their two distinct positions, and 

the second phase change means includes electrically- 
operated actuator means for moving the movable structure to thereby move the 
projections thereof between their two distinct positions. 

18. The apparatus of claim 16, wherein: 

the transmission line extending through , the apparatus is 
designed for use with at least one specific band of microwave frequencies 
between 1 gigahertz and 20 gigahertz, 

the phase shift produced by the first phase change means in 
a microwave signal transmitted through the apparatus at a frequency in the 
center of the specific band is about zero degrees when the projections of the 
first phase change means are in their first position and a first predetermined 
value the range between about -22J degrees and about -90 degrees when its 
projections are in their second position, 

the phase shift produced by the second phase change means 
in the microwave signal at the same frequency when the projections of the 
second phase change means are in their first position and a first predetermined 
value the range between about ?22J degrees and about -90 degrees when its 
projections arc in their second position, and 

the first and second means are selectively operable so that 
their projections may be in their respective second positions simultaneously, so 
that in such instance a combined phase shift at least equal to the sum of the 
first and second predetermined values is imparted to the signal then being 
transmitted through the apparatus. 
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.j 19. An adjustable phase-shifting apparatus controllable in an 

analog manner for use in shifting the phase of a microwave signal being 
transmitted along a transverse electromagnetic transmission line of the type 
including an inner conductor, a coaxial outer conductor, and a gas or vacuum 
5 dielectric located between the conductors, the inner and outer conductors both 
* having aubstantiaiiy square cross-sections,, the apparatus comprising: 

a structure having an elongated cavity therein which forms 
at least part of the outer conductor through which at (east a first segment of 
the inner conductor passes and having at least a first elongated opening 
10 therein which provides access to at least a first portion or the cavity; 

first means for altering the phase of the signal as it passes 
through the first portion of the cavity, the first means being provided with at 
least a first section including dielectric material that is movable with respect 
to the first portion of the cavity through multiple positions forming a 
15 substantially continuous range of positions to alter the phase of the signal, 
with such movement being in a direction transverse to the direction of the 
signal as it passes through the first portion; and . 

control means for selectively placing the first section of the 
first member means in any predetermined one of the positions within the 
20 substantially continuous range of positions in response to an external 
command specifying such predetermined position. 

20. The apparatus of claim 19, wherein: 

the first section of the first means is elongated and has at 
least one pair of thin elongated projections substantially parallel to and spaced 
apart fro another which are inscrtable on opposite sides of at least part of the 
5 first segment of the inner conductor located within the first portion of the 
cavity. 



WO 89/07837 



PCT/US88/03407 

•34- 



21. The apparatus of claim ,19, wherein the: control means 
includes a mechanical linkage attnehed to the first member means, a movable 
mechanical cam movable through multiple positions forming a substnntialiy 
continuous range of positions fpr moving the linkage, and electrical 

a means for selectively 'moving the cam to any predetermined one of the 
positions within its continuous range of positions in response to the external 
command. 

22. in a phased array antenna system of the type having an array 
of radiating elements spaced from one another in a predetermined manner, 
nnd a signal distribution network having a first port and a plurality of second 
ports, an improved phase-shifting mechanism for use in simultaneously 

5 shifting the phase of at least first and second microwave signals' being 
. transmitted between the first port and the array of elements along at least first 
and second distinct' transverse electromagnetic transmission lines of the type 
including an inner conductor, a coaxial outer conductor, and a dielectric 
• . located between the conductors, the improvement comprising in combination: 
10 00 a first phase-shifting apparatus including (I) a first 

structure through which at least a first portion of the first transmission line 
passes, provided with at least a first opening providing access to at least a pan 
of the volume of the first portion of the first transmission line, and (2) first 
means for altering the phase of the first signal as it passes through the first 
portion of the first transmission line, the first means being provided with at 
least a Hrst section including dielectric material that is movable with respect 
to the first portion of the first line in a first direction transverse to the 
direction of the first signal as it passes therethrough; 

(b) a second phase-shifting apparatus including (1) a first 
structure through which at least a first porrion of the second transmission line 
passes, provided with at least a first opening providing access to at least a part 
of the volume of the first portion of the second transmission line, and (2) first 
means for altering the phase of the second signal as it passes through the first 
portion of the second transmission line, the second member means being 
25 provided with at least a first section including dielectric material that is 
movable with respect to the first portion of the second line in a second 
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N direction transverse to the direction of the second signal us it passes 

therethrough; and 

(c) mechanical means for connecting the first and second means 
together for simultaneous movement so that changes in phase shifts in the first 
and second signals passing through the first and second portions are 
subsrnn tinny u. Jt Gppci5 j u i0 0nc anol hcr. 

23, The mechanism of claim 22, wherein the mechanical means- 
include a see-saw linkage structure having a lever pivotabic about a first axis, 
the lever being provided with first and second sections on opposite sides of the 
first axis, and 

the first means for ottering of the first apparatus includes a 
movable structure for slidably supporting the first section of the first means 
for reciprocating movement with respect to the first portion of the first 
transmission line, the movable structure being connected to the first section. of 
the lever, and 

the first means for altering of the second apparatus includes 
a movable structure for slidably supporting the first section of the means for 
reciprocating movement with respect to the first portion of the second 
tronsmission line, such movable structure being connected to the second 
section of the lever. 

24. The mechanism of claim 23, wherein the lever is movable 
through multiple positions forming a substantially continuous range of 
positions to alter the phase shifts imparted to the first and second signals by 
the first and second means, and the mechanical means further includes control 
means for selectively placing the lever in any predetermined one of the 
positions within the continuous range of positions in response to an external 
command specifying the predetermined position. 
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•25. The mechanism of claim 24, wherein the control means 

includes: 

a. mechanical cam rotatabie through, multiple positions 
forming a substantially continuous range of positions which engages and 
. 5 moves the first class lever in correspondence to the motion of the cam, and 

electrical actuator means for selectively moving the cam to 
any predetermined one of the positions within its continuous range of 
positions in response to the external .command. 



26. The mechanism of claim 26, wherein the electrical actuator 
means includes a stepper motor. 
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